Here, we investigated novel interactions of three global regulators of the network that controls biofilm formation in the 51 model bacterium Escherichia coli using computational network analysis, an in vivo reporter assay and physiological 52 validation experiments. We were able to map critical nodes that govern planktonic to biofilm transition and identify 8 53 new regulatory interactions for CRP, IHF or Fis responsible for the control of the promoters of rpoS, rpoE, flhD, fliA, 54 csgD and yeaJ. Additionally, an in vivo promoter reporter assay and motility analysis revealed a key role for IHF as a 55 repressor of cell motility through the control of FliA sigma factor expression. This investigation of first stage and 56 mature biofilm formation indicates that biofilm structure is strongly affected by IHF and Fis, while CRP seems to 57 provide a fine-tuning mechanism. Taken together, the analysis presented here shows the utility of combining 58 computational and experimental approaches to generate a deeper understanding of the biofilm formation process in 59 bacteria. 60 _____________________________________________________________________________________________ 61 INTRODUCTION 62
6 source, and GFP fluorescence was measured at 20 minute time intervals over 8 hours at 37˚C. As can be seen in 148 Fig. 3A , the analyzed promoter presented a growth-phase-dependent activity with increased activity toward the end 149 of the growth curve. When the same reporter system was analyzed in E. coli Δihf and Δfis mutant strains, we 150 observed a significant increase in promoter activity in the absence of IHF and a strong activity in the absence of Fis 151 ( Fig. 3A left panel, red and green lines, respectively) . These data strongly suggest that IHF and Fis GRs are acting 152 to repress the rpoS promoter. To understand the role of CRP over the rpoS promoter region, we employed the 153 glucose inducible CCR system to down-modulate the activity of CRP by adding glucose in the same experimental 154 conditions as described above 28 . When the three reporter strains were analyzed in the presence of 0.4% glucose, 155 we observed the same general expression profile as in Fig. 3A left panel but a remarkably reduced promoter activity 156 ( Fig. 3A right panel) , confirming the previously reported positive role of CRP on the rpoS promoter 29 . Additionally, 7 inactivation), activity was strongly impaired in all strains ( Fig. 3C right panel) , confirming the reported role of CRP as 173 activator of flhD expression 31 .
174
Novel regulatory effects for CRP, IHF and Fis exerted on csgD, fliA and yeaJ promoters 175 Once we had investigated the effect of the GRs of flagella to biofilm transition, we decided to analyze the promoters 176 of genes related to biofilm formation and an additional lower flagella regulator (fliA). CsgD is a central protein related 177 to, and an indicator of, biofilm formation 12, 32 . When we analyzed the activity of csgD promoter in the wild-type strain,
178
we observed a peak of expression at about 200 min of growth with a reduced activity later in the growth phase ( Fig.   179 4A left panel). Investigating this promoter in Δihf and Δfis mutants, we observed a strong decay in promoter activity, 180 indicating that both proteins positively modulate the activity of the promoter. Moreover, when we added glucose to 181 the growth media ( Fig. 4A right panel) , we observed a generalized decay in promoter activity in all three strains, 182 indicating a positive role of CRP for this promoter. Reflecting on these results, it is interesting to note that, while CRP 183 and IHF have been reported as positive regulators of the csgD promoter 33, 34 , the positive effect of Fis has never 184 been demonstrated before.
185
In the case of the fliA gene that codes a sigma factor specifically related to flagella genes, analysis of promoter 186 activity in both wild-type and Δfis mutant strains revealed a very low level of activity throughout the growth curve, 187 both in the presence and absence of glucose ( Fig. 4B) . However, in the Δihf mutant strain, this promoter displays a 188 strong increase (30-fold) in activity in the absence of glucose (left panel), while this level was lower when glucose 189 was added (right panel). Since fliA expression is dependent on FlhD 30 , the observed decay of fliA promoter activity 190 during growth in the presence of glucose could be the result of a cascade process, with the apparent IHF repression 191 of this promoter suggesting a previously unreported regulatory interaction. To test the direct effect of IHF on FliA, we 192 identified two putative binding sites for this global regulator at fliA promoter Fig. S3A . We then constructed a mutant 193 version of this promoter with 11 point mutations that fully abolish both sites and tested this new variant as before. As 8 strains at the same level as the original promoter, and displayed a higher activity in the Δihf mutant, both in the 196 absence and presence of glucose. These data suggest that the effect of IHF on fliA promoter is indirect.
197
We next analyzed the effect of GRs on the expression of yeaJ, a diguanylate cyclase coding gene, which modulates 198 the levels of c-di-GMP in the cell. In E. coli, deletion of yeaJ results in strains with reduced motility at 37 ºC 8 , 199 however no regulatory proteins have been demonstrated to play a role in the expression of this gene. The expression 200 profile of the yeaJ promoter in wild-type and Δihf mutants strains showed a strong peak of activity at 200 min of 201 experiment (Fig. 4C) . However, when this promoter was assayed in the Δfis mutant, we observed a significant 202 decrease in promoter activity, indicating that the Fis regulator could play a positive role in its expression.
203
Furthermore, addition of glucose to the growth media ( Fig. 4C right panel) resulted in an increase in the promoter 204 activity in the first minutes of growth, suggesting the existence of additional, potentially CRP-dependent, regulatory 205 mechanisms at this promoter. Finally, the additional three promoters selected for investigation (from adrA, cpxR and 206 ompR genes, Fig. S4 ) displayed maximal activity very similar to that of the negative control (the empty reporter 207 vector, pMR1 in Fig. S2 ), which precludes unequivocal conclusions concerning their regulation.
208

Reconstruction and analysis of the regulatory network with novel interactions
209
In order to generate fresh insight into the regulatory network controlling biofilm formation in E. coli, we added the new 210 regulatory interactions identified in the previous sections to the network from Fig. 2 . For this, the effect of CRP, IHF 211 and Fis over the promoter regions obtained by our promoter activity assay was transformed into activation or 212 inhibition links. From the 27 interactions tested, we suggested 8 new interactions, and were able to confirm 5 213 described interactions (Table S1 ). We integrated these new interactions into the network and re-performed the 214 centrality measurements. Using this approach, we observed that the integration of the experimental data changed the 215 topology of the network, while maintaining the three major hubs identified ( Fig. S5A) . Yet, the out-degree analysis 216 showed that rpoD, CRP, IHF, and Fis in minor degree are the main nodes exerting the most out-connections to all 217 other nodes ( Fig. S5B) , while the edge betweeness analysis indicates that, upon the addition of the new interactions, 9 previously unidentified regulatory interactions in the biofilm regulatory network that play a critical role in the planktonic 220 to biofilm transition.
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Phenotypic consequences of loss of GRs for the planktonic and biofilm stages of E. coli 222 Flagella play an important function during the different developmental phases of biofilm formation such as attachment 223 at a surface, as well as bacterial cell cohesion within the biofilm 2, 30 . Therefore, we were interested in understanding 224 the effect of the GRs CRP, IHF and Fis on the flagella function. As it can be seen in Fig. 6 , after 24h of incubation in 225 a low agar plate, E. coli BW25113 wild-type strain showed reduced motility in the absence of glucose. However, 226 analysis of the ∆ihf strain in similar conditions revealed a strong motile phenotype, with this effect more apparent 227 after 24h of incubation with full spreading over the plate observed ( Fig. S6) . Finally, under similar conditions, the ∆fis 228 strain presented reduced motility, which is more evident at 24h. It is important to notice that addition of glucose to the 229 media generated a general decrease in motility of all strains (Figs. 6 and S6, right panels). Interestingly, the 230 observed strong phenotypic effect of ∆ihf on the motility of E. coli can be traced directly to the strong increase of fliA 231 promoter activity in this mutant strain, since FliA sigma factor controls several genes related to flagella formation in 232 this organism 35 .
233
We next analyzed the capability of the different strains to attach to a solid surface, which is indicative of early biofilm 234 formation, using the protocol described by O'Toole et al., 2011 . For this, we performed the experiments at 30 ºC and 235 37 ºC, since different reports have used different temperatures 36, 37 . In general, E. coli cells adhered to the wall of the 236 96-well plates in all conditions. At 37˚C, two-or three-fold increases in biofilm yields were observed when compared 237 with E. coli cells cultured at 30˚C, as can be seen by comparing the biofilm indexes in Fig. 7A . In general terms, the 238 Δihf mutant strain of E. coli displayed decreased adhesion at both temperatures, which is in agreement with the 239 increased motility observed for this strain in Fig. 6 . By the same token, adhesion of the Δfis mutant strain at 37 ºC 240 was significantly increased when compared to the wild-type, which could be due to the reduced motility observed 241 before. In most of the cases, the general adhesion observed for the strains was decreased in the presence of 10 IHF are important effectors to activate the adherence program. They also suggest that Fis is acting as a repressor of 244 the early biofilm program, since in its absence, motility is higher at 37 ºC. Altogether, adherence yields are better 245 when induced at 37˚C than at 30˚C, and the three GRs CRP, IHF and Fis participate differentially to regulate the 246 adherence capabilities of E. coli.
247
As depicted in Fig. S7 , all the strains were capable of developing biofilm structures at 30 ºC and 37 ºC in the 248 presence or absence of glucose, as previously reported. In general, E. coli cells grown at 30 ºC produced a biofilm 249 structure resembling that reported for 28 ºC, while those grown at 37 ºC conditions showed a more visually complex 250 biofilm structure with three morphologically distinct zones, as reported by Serra et al., 2013 ( Fig. 7B) . More explicitly, 251 in wild-type cells a concentric ring delineates zone 3, which presents an intense red color suggesting curli formation 252 by the different layers of stationary phase cells. Zone 2 represents the intrinsic capability of wild-type community to 253 produce wrinkles and curli. Finally, zone 1 presents weak red color, an indicative of bacteria at exponential phase 254 related with colony expansion but not with curli production 7 . In the presence of glucose, the biofilm structure formed 255 by the wild-type strain presented slight differences. When we analyzed the Δihf mutant strain, we observed a 256 significant reduction in the colony size and degree of pigmentation (that could be related to lower curli production) 257 when compared to the two other strains (Fig. 7B) . This size reduction can be evidenced by the systematic decrease 258 in the three zones of the colony in this strain. Yet, analysis of biofilm formation in this strain in the presence of 259 glucose showed a recovery in colony size generated by a high expansion of zone 1, while pigmentation was 260 apparently not affected. Finally, the analysis of Δfis mutant strain revealed a colony where the zone 1 (expansion 261 zone) could not be detected. Additionally, this strain presented a darker zone 3, which could be indicative of higher 262 production of curli fimbriae than wild-type strain, with addition of glucose to the growth media only generated small 263 changes in the colony such as an apparent reduction in size.
264
Altogether, morphology assays have shown that IHF and Fis GRs are important contributors to proper biofilm 265 development, as could be indicated by drastic changes in the three well-characterized zones in these mutants. In 266 contrast, the role of CRP protein (which was indirectly assayed by the addition of glucose to the media) during 11 could have a strong impact in the process. Taken together, these data indicate that these GRs could have an 269 important role in the final biofilm structure in E. coli that could be the result of the detected change in gene expression
270
of key regulatory elements in the planktonic to biofilm regulatory network.
271
Conclusions
272
The work presented here describes the systematic investigation of the regulatory interaction mediated by GRs during 273 the transition from planktonic to biofilm in the bacterium E. coli. While several works have addressed this issue 274 before, data generated has been fragmented and few targets have been investigated at each time. The systematic 275 investigation used here allowed the identification of novel interactions mediated by CRP, Fis and IHF. More 276 importantly, the modulation of some critical nodes, such as fliA by IHF, could explain the strong phenotypic effects 277 observed for motility and attachment assays, as this regulator has also been found to be a modulator of genes 278 involved in the biofilm program as rpoS, matA and csgD 33, 38, 39, 40 . The molecular mechanism involved in the different 279 phases of biofilm formation by IHF remains to be determined. However, in this work, we present evidence that IHF is 280 a key element to biofilm formation by modulating gene expression level of the flagella-biofilm program, suggesting 281 that IHF could be a good candidate to disrupt/engineer bacterial biofilm structure. Here, we also demonstrated that 282 Fis plays a more major role in the biofilm formation network than anticipated, both using promoter assays as well as 283 physiological tests. The evidence in this study indicates that, CRP, IHF and Fis are important effectors that modulate 284 the flagella-biofilm network. Interestingly, no condition in this study shows absence of motility or biofilm formation, 285 suggesting that, while these GRs are important modulators of these processes, they are not essential genes to 286 suppress completely the flagella-biofilm program. Additionally, it has been demonstrated that bacteria without the 287 main effectors rpoS or csgD (also rpoE, csgB, flhDC or fliA) are still capable of producing a biofilm 7, 41 . Altogether, 288 the high plasticity observed in the flagella-biofilm program clearly shows that the network has evolved the robustness 289 to compensate for the loss of critical nodes, indicating the importance of this program for bacterial survival. Finally, 290 the systematic identification of novel connections for a specific network will allow prediction of the behavior of the 291 biological system in the absence of different TFs. It opens the possibility of using genetic engineering to achieve a 292 balanced connectivity between synthetic circuits and the entire bacterial network when performing a specific task. In 12 other words, that rational interactive synthetic circuits can operate in accordance with the natural network of a 294 specific organism, thereby allowing enhanced performance of a desired biological task. 
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Under these conditions, all strains presented similar growth rates (Fig. S8) . Data were analyzed from at least three 328 biological samples, arbitrary units were calculated by dividing GFP-corrected by OD600-corrected, subsequently, the 329 mean and standard error for each promoter was calculated and graphed using Microsoft Excel and R software.
330
Bacteria motility assay 331
The effect of GRs on motility was evaluated as following. E. coli wild-type or mutant strains harboring pMR1 plasmid 332 were grown overnight at 37˚C on LB plates. Inoculation of a single colony onto motility plates (tryptone 1%, NaCl 333 0.25%, agar 0.3% and when indicated glucose was added) was done by using a toothpick 44 . The motility halos were 334 measured at 18h and 24h. Each strain was evaluated in triplicate from independent plates. 
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To generate the transcriptional regulatory network that will define our genes of interest, we gathered information from 361 research articles that contained information on genes that modulate the transition between planktonic to biofilm 20 39.
Mangan MW, Lucchini S, Danino V, Croinin TO, Hinton JC, Dorman CJ. The integration host factor (IHF) 520 integrates stationary-phase and virulence gene expression in Salmonella enterica serovar Typhimurium. Mol
521
Microbiol 59, 1831-1847 (2006 analysis of the promoter architecture regions of the principal nodes effectors was performed to confirm the 589 interactions reported. Next, cloning of the natural promoter regions in the pMR1-reporter system were developed.
590
Promoter activity was determined for each promoter in different conditions as established in material and methods.
591
Finally, GFP activity was transform into connectivity data and loaded into flagella-biofilm network to gain a better 592 understanding of this program. 
